The use of biodegradable beta-tricalcium phosphate (b-TCP) scaffolds holds great promise for bone tissue engineering. However, the effects of b-TCP on bone and endothelial cells are not fully understood. This study aimed to investigate cell proliferation and differentiation of mono-or co-cultured humanbone-marrow-derived mesenchymal stem cells (hBMSCs) and human-umbilical-vein endothelial cells (HUVECs) on a three-dimensional porous, biodegradable b-TCP scaffold. In co-culture studies, the ratios of hBMSCs:HUVECs were 5:1, 1:1 and 1:5. Cellular morphologies of HUVECs, hBMSCs and co-cultured HUVECs/hBMSCs on the b-TCP scaffolds were monitored using confocal and scanning electron microscopy. Cell proliferation was monitored by measuring the amount of double-stranded DNA (dsDNA) whereas hBMSC and HUVEC differentiation was assessed using the osteogenic and angiogenic markers, alkaline phosphatase (ALP) and PECAM-1 (CD31), respectively. Results show that HUVECs, hBMSCs and hBMSCs/HUVECs adhered to and proliferated well on the b-TCP scaffolds. In monoculture, hBMSCs grew faster than HUVECs on the b-TCP scaffolds after 7 days, but HUVECs reached similar levels of proliferation after 14 days. In monoculture, b-TCP scaffolds promoted ALP activities of both hBMSCs and HUVECs when compared to those grown on tissue culture well plates. ALP activity of cells in co-culture was higher than that of hBMSCs in monoculture. Real-time polymerase chain reaction results indicate that runx2 and alp gene expression in monocultured hBMSCs remained unchanged at days 7 and 14, but alp gene expression was significantly increased in hBMSC co-cultures when the contribution of individual cell types was not distinguished.
Introduction
Tissue engineering holds great promise for regenerating functional tissues and organs. One important component of tissue engineered materials is the scaffold, which is an artificial extracellular matrix (ECM) that serves as a temporary support structure and imparts the necessary biophysical, biomechanical and biochemical cues required for cell attachment, proliferation and differentiation to form tissue [1] . In particular, it is highly desirable for scaffolds to possess an interconnected and open macroporous structure to facilitate cellular in-growth and neovascularization of regenerated tissue in vivo.
Calcium phosphate (CaP) bioceramics have been widely used in clinical settings for bone repair and reconstruction [2, 3] . Hydroxyapatite (HA) and beta-tricalcium phosphate (b-TCP) are the most popular bioceramics due to their close resemblance to natural bone, excellent biocompatibility and biodegradability. Bone-marrow-derived mesenchymal stem cells (BMSCs) have been used in combination with CaP scaffolds in bone tissue engineering [4] [5] [6] [7] . Many studies involving the use of BMSC-seeded bioceramics have shown promising results in the context of bone regeneration [8] [9] [10] [11] ; however, most of these investigations have highlighted the osteogenic potential of BMSCs on these CaP bioceramics.
Bone tissue contains multiple cell types, including osteogenic cells and endothelial cells. A number of studies in bone repair and regeneration have highlighted the intimate interactions between endothelial cells and osteoprogenitor cells [12, 13] . Indeed, it has been well established that angiogenesis is a prerequisite for osteogenesis in vivo [14] . For example, insufficient neovascularization of bone constructs/tissues after scaffold implantation resulted in hypoxia and cellular necrosis [15] [16] [17] [18] [19] . Thus, a key factor in repairing large bone defects is vascularization of the scaffold. Within this context, it is important to characterize the effects of bioceramic scaffolds with regards to osteogenic and endothelial differentiation. It has been reported that co-cultured human endothelial cells with human osteoblast cells on porous HA, b-TCP or Ca-deficient HA containing polycaprolactone supported the formation of capillary-like structures [20, 21] . Zhou et al. pre-vascularized b-TCP scaffold by co-seeding MSCs and MSC-derived endothelial cells (ECs) and used it to promote the repair of segmental bone defects in rabbits [22] .
In this study, we investigated the effect of a porous, biodegradable b-TCP scaffold on the behavior of mono-or co-cultured human-bone-marrow-derived mesenchymal stem cells (hBMSCs) and human-umbilical-vein endothelial cells (HUVECs). We hypothesize that different cell ratios of hBMSCs and HUVECs may behave differently on a porous, biodegradable b-TCP scaffold. In this experiment, interconnected porous b-TCP scaffolds were prepared by a template-casting method [23] [24] [25] . Cell proliferation was monitored by measuring the amount of double-stranded DNA (dsDNA), whereas hBMSC and HUVEC differentiation was assessed using the osteogenic and angiogenic markers alkaline phosphatase (ALP) and PECAM-1 (CD31), respectively.
Materials and methods

Materials
b-TCP powder with a specific surface area of 17 m 2 g -1 was
purchased from Nanocerox, Inc. (Ann Arbor, Michigan). Carboxymethyl cellulose powder, paraffin beads and ethyl alcohol were purchased from Fisher Scientific (Pittsburgh, USA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS) and L-glutamine, 100 Â antibiotic-antimycotic solution were purchased from Invitrogen Co. (Grand Island, NY, CA). EBM™ endothelial basal medium containing EGM™ endothelial growth medium and a Single Quots™ kit were purchased from Lonza, Inc. Alexa Fluor Ò 594 goat anti-mouse secondary antibody (2 mg ml -1 ) was purchased from Invitrogen Inc. An RNeasy mini kit for extracting RNA was purchased from QIAGEN (Valencia, CA, USA).
Preparation of b-TCP scaffolds
Porous b-TCP scaffolds were fabricated using a template-casting method as previously described [23] [24] [25] . Briefly, b-TCP powder, carboxymethyl cellulose powder, surfactant (Surfonal Ò ) and dispersant (Darvan Ò C) were mixed in distilled water to form a ceramic slurry. Paraffin beads were packed into a customized mold and heated to induce partially melting and formation of a template. The b-TCP ceramic slurry was then cast into the mold under vacuum, solidified and subsequently dehydrated in a series of ethyl alcohol solutions (70%, 90% and 95%). After removing the dehydrated green body from the mold, the green body was dried in an oven for 2 h, and then placed into an electric high temperature furnace and sintered at 1250°C for 3 h. The morphology of b-TCP scaffolds was characterized by scanning electron microscopy. The average pore size of scaffold was obtained from scanning electron microscopy (SEM) images and at least six pores were measured. The interconnected pore structure of scaffold was scanned using microcomputed tomography (micro-CT; Imtek Micro CAT II, Knoxville, TN) at a resolution of 80 lm. Raw images were further reconstructed and analyzed by GE microView software (General Electric Co.). The scaffolds used in this study were 7-8 mm in diameter and 5-6 mm in height.
Cell culture of hBMSCs and HUVECs
hBMSCs were purchased from Lonza Inc. (Allendale, NJ) [26] . According to the manufacturer's certificate of analysis, the cells are more than 90% positive for CD105, CD166, CD29 and CD44, and less than 10% positive for CD14, CD34 and CD45. The cells were cultured in basal medium consisting of DMEM, (Invitrogen, USA) with 10% FBS, 1% L-glutamine (200 mM) and 1% antibiotic-antimycotic solution under standard conditions (5% CO 2 , 95% humidity, and 37°C). Passages 6-8 were used for all the experiments.
Immortalized HUVECs constitutively expressing green fluorescent protein (GFP) were a generous gift from the late Dr. J. Folkman, Children's Hospital, Boston. HUVECs were cultured in endothelial basal medium (EBM-2, Lonza) with endothelial growth supplement Single Quots (EGM-2, Lonza) in a 5% CO 2 atmosphere at 37°C.
A preliminary study was performed to test the culture medium for co-culture experiments ( Supplementary Fig. S1 ). In this study, the medium used in all co-culture experiments was a 1:1 mixture of EBM-2 and DMEM.
When the cells reached $85-90% confluence in flasks, they were subcultured using 0.25% trypsin-EDTA (Invitrogen, USA) and resuspended in culture medium. Next, 100,000 cells in 100 ll medium were gently seeded into the sterilized b-TCP scaffolds and incubated at 37°C for 1 h to allow cells to attach onto the inner construct surface of the scaffold. New medium was then added for further incubation. The medium was changed every 3 days. To investigate the reciprocal effect of the two cell types on osteogenesis and angiogenesis, three mixture ratios (1:5, 1:1, 5:1) of hBMSCs and HUVECs were seeded and co-cultured on the scaffolds. In mono-and co-culture experiments, the seeding density (100,000 cells per scaffold) was held constant regardless of cell mixture ratios. To indicate the cell distribution in the scaffolds, scaffolds with seeded HUVEC-GFP cells were recaptured using a fluorescent microscope (Nikon 2000) and shown in Supplementary  Fig. S2 .
Morphologies of HUVECs, hBMSCs and co-cultured cells on the b-TCP scaffolds
The morphology of HUVECs on b-TCP scaffolds was monitored using a confocal laser scanning microscope (CLSM; Olympus IX81) after 1, 3 and 7 days of incubation in EBM-2 medium. Morphologies of HUVECs, hBMSCs and hBMSC/HUVEC mixtures seeded on the b-TCP scaffolds were also observed under a scanning electron microscope (SEM, FEI Quanta 400). HUVECs and hBMSCs in monoculture were incubated in EBM-2 and DMEM, respectively, and hBMSC/HUVEC mixture cells (50%:50%) were co-cultured in EBM-2:DMEM mixture medium (1:1) for 3 days. Following this, scaffolds were fixed with 2.5% glutaraldehyde for 2 h, followed by graded dehydration using a series of ethanol solutions (generally 70%, 80%, 90% and 100%). Samples were then dried in a hood and sputtered with gold before observation under an SEM (FEI Quanta 400) at 20 kV.
Visualization of F-actin
F-actin was stained by rhodamine phalloidin to assess cytoskeletal organization on the b-TCP scaffold. After 7 days of incubation in the same medium as used in the experiments for SEM, cells/scaffolds were rinsed twice using phosphate buffered saline (PBS) and then fixed by 4% paraformaldehyde solution (PFA) for 15 min at room temperature. The fixed cells were further permeabilized in 0.5% Triton X-100 and incubated in 100 nM rhodamine phalloidin working solution (Cytoskeleton Inc., USA) at room temperature for 2 h. After a brief rinse with PBS, DAPI solution (5 lg ml -1 ) was added to counterstain cell nuclei. After a thorough washing with PBS, cells on scaffolds were visualized with a CLSM.
Immunofluorescent staining of PECAM-1
Platelet-endothelial cell adhesion molecule (PECAM-1, or CD31) is an endothelial-specific adhesion protein and a specific marker of HUVECs. It was assessed by immunefluorescent staining. The effect of b-TCP scaffolds on PECAM-1 expression of HUVECs in monoculture or co-culture with hBMSCs in various ratios (1:5, 1:1, 5:1) were investigated at 7 and 14 days. They were cultured in a 1:1 mixture of EBM-2 and DMEM, and then rinsed twice with PBS and fixed in a solution of 4% PFA for 15 min at room temperature. After washing three times in PBS, the fixed cells/scaffolds were placed in 3% bovine serum albumin (BSA)/PBS blocking buffer for 1 h, and then were incubated with mouse anti-human CD31 primary antibody (1:3000, Cell Signaling Technology) in 1% BSA/PBS overnight at 4°C. The cells/scaffolds were then washed three times using PBS, and incubated in an anti-mouse secondary antibody Alexa Fluor Ò 594 (1:1000; 2 lg ml -1 , Invitrogen) for 1 h at room temperature. After a brief rinse using PBS, the cell nuclei were counterstained with DAPI solution (5 lg ml -1 ) for 1 min. The scaffold samples were then extensively washed with PBS, and visualized with a CLSM.
Osteogenic differentiation assay of hBMSCs
The effect of b-TCP scaffolds on the early osteogenic differentiation of hBMSCs in monoculture and co-culture was assessed through ALP specific activity. hBMSCs were co-cultured with various ratios of HUVECs (5:1, 1:1, 1:5) on the scaffolds. Monocultured hBMSCs and HUVECs were used as controls. The medium used in these co-culture experiments was a 1:1 mixture of EBM-2 and DMEM, as determined in our preliminary study (S.1).
At the end of each time point, cells/scaffolds were washed twice with PBS and preserved at À80°C. Cells/scaffolds experiencing three freeze/thaw cycles in À80°C/37°C, were then lysed in 500 ll of 0.2% Triton X-100 in PBS, and finally homogenized by sonication for 30 s on ice. The ALP activity was assayed using a colorimetric p-NPP method [23, 24] . The absorbance was measured on a microplate reader (TECAN) at 405 nm after 30 min incubation at 37°C. ALP specific activity levels were quantified with a standard curve and normalized to the amount of total cellular dsDNA from the same sample. dsDNA content was determined using a Pico Green assay (Molecular Probe, Invitrogen). A 50 ll volume of working reagent was added to the 50 ll cell lysate of the sample. The sample was read at 485/528 nm (excitation/emission) on a fluorescence spectrophotometer (Biotek, Flx800, USA). The amount of dsDNA was calculated by comparing the standard curves of the known dsDNA sample according to the manufacturer's instruction.
Quantitative real-time polymerase chain reaction (PCR)
Total RNA of cells was extracted from the monocultured and cocultured cells after incubation of 7 and 14 days using an RN easy mini Kit (QIAGEN) following the manufacturer's protocol. RNA concentration was determined on an Eppendorf Biophotometer. To reverse-transcribe RNA of the samples into cDNA, an iScript cDNA synthesis kit (BIO-RAD) was used according to the manufacturer's protocols. Using cDNA product template, specific primers and iQ-SYBR Green supermix (BIO-RAD), real-time PCR was performed on an ABI 7900HT Sequence Detection system (ABI, Foster city, USA). The total reaction volume was 10 ll. Primer sequences are shown in Table 1 , including runt-related transcription factor 2 (runx2), alkaline phosphatase (alp), osteopontin (opn), osteocalcin (oc), bone sialoprotein (bsp), bone morphogenetic protein-2 (bmp-2), cd31 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). These primers were purchased from Invitrogen Co. and used to evaluate gene expression [27] [28] [29] . The relative expression levels of genes were analyzed using the 2
ÀDDCt method [30] by normalizing with the housekeeping gene GAPDH as an endogenous control and calibrating with efficiency, where DDCt is calculated from (C t, target À C t, control ) target gene À (C t, target À C t, control ) GAPDH .
Statistical analysis
All the groups in the experiments were performed in triplicate, and the statistical significance was analyzed by Student's t-test. If the p-values obtained from the t-test were less than 0.05, the difference was considered to be significant.
Results
Porous morphologies of the b-TCP scaffold
Representative morphology of a b-TCP scaffold is shown in Fig. 1 . The porous structure and interconnected pores of a b-TCP scaffold is shown in Fig. 1A at a lower magnification. The pores size of the scaffold is in the range of 350-500 lm and the average pore size measured from SEM images is $396 ± 49 lm. 
Cell morphologies on the b-TCP scaffold
Morphologies of GFP-tagged HUVECs on the b-TCP scaffold were observed with a CLSM. Fig. 2 shows cell morphology changes on a b-TCP scaffold over time. Fluorescent images in Fig. 2A show that HUVECs adhered and spread well on the surface of struts and inner pores of the scaffold at day 1, and cells exhibited a cobblestone-like morphology. HUVECs proliferated well on the scaffold with increasing culture time. At day 3, HUVECs covered the majority of the strut surface (Fig. 2B) and a dense endothelial layer was formed by day 7 (Fig. 2C) . In this study, SEM was used to 
0 -CACTCCTTCCACCAACACCT further investigate cell morphologies of hBMSCs and HUVECs on the b-TCP scaffolds. Results showed that both hBMSCs and HUVECs can adhere well on the scaffolds (Fig. 3) . In monocultures, HUVECs exhibited cobblestone-like morphology and formed a flattened endothelial cell layer (Fig. 3A) , while hBMSCs exhibited a typical spindle-like morphology (Fig. 3B) . In co-culture of hBMSCs and HUVECs, both spindle-like cells and cobble-like cells could be observed, suggesting the co-existence of both cell types on the scaffold (Fig. 3C ).
Visualization of F-actin filament of cells
In HUVEC and hBMSC monocultures, an abundance of actin fibers was observed in the cytoplasm of the cells (Fig. 4A, G and C,  H) . The fluorescent image in Fig. 4B shows cobblestone-like morphology. In hBMSC monocultures, the rhodamine phalloidin/DAPI staining of hBMSCs in Fig. 4C indicated a homogenous distribution of actin fibers and filament elongation of cells on the scaffold. Additionally, as shown in Fig. 4D , hBMSCs were GFP-negative, distinguishing them from the GFP-positive HUVECs. In co-cultures, comparing the rhodamine phalloidin/DAPI staining image in Fig. 4E with the GFP fluorescent image in Fig. 4F , the distribution of hBMSCs in co-culture can be distinguished from that of GFPtagged HUVECs. Contacting zones or overlapping growths were observed. Fig. 4G and H shows the F-actin staining of HUVECs and hBMSCs at a higher magnification, respectively. Obvious actin fiber bundles can be observed in the cytoplasm.
Immunofluorescent staining of PECAM-1
In HUVECs monocultures, immunofluorescent images show the expression of PECAM-1 at the cell-cell interface after 7 days of culture (Fig. 5) . With increasing culture time, PECAM-1 expression of HUVECs became more pronounced and cells were observed forming network after 14 days. For both the 1:5 hBMSCs/HUVECs and HUVEC alone groups, PECAM-1 expression increased with culture time. The higher magnification images in the inserts showed the formation of small sprouts (Fig. 5) . In the 5:1 and 1:1 hBMSC/HU- VEC groups, these network structures were not apparent due to the lower proportion of HUVECs present.
Cell proliferation and ALP activity of hBMSCs
The proliferation of hBMSCs and HUVECs on the b-TCP scaffolds is shown in Fig. 6a . For hBMSC monocultures, cell proliferation increased from day 3 to day 7. After 7 days, cellular dsDNA content started to decrease. For HUVEC monocultures, cellular dsDNA amount increased from day 3 to day 14. The growth rate of HUVECs was slower compared to that of hBMSCs, but reached the same level of proliferation within 14 days of incubation. Compared to monocultures, the total cellular dsDNA amount in co-culture was proportional to the cell ratios and growth rates (Fig. 6a) .
To evaluate the effect of HUVECs on the ALP activity of hBMSCs, hBMSCs were co-cultured with HUVECs at various ratios in nonosteogenic medium. The ALP activity of cells in monoculture and co-culture is shown in Fig. 6b . Results show that, in both monoand co-culture, the ALP activity level of hBMSCs continually increased over 14 days (Fig. 6b) . For the 5:1 and 1:1 hBMSC/HUVEC groups, the ALP activity of co-cultured cells was significantly higher compared to those in monoculture (p < 0.05), except for the 1:5 hBMSC/HUVEC groups at day 14. ALP expression of HUVECs was higher than that in other groups at day 3, and it remained constant during 14 days of culture. ALP expression of hBMSCs or HUVECs alone on well plates was also investigated, and the results show that ALP activity could not be detected until day 14 ( Fig. 6c and   d ), but the cells on the b-TCP scaffolds produced detectable ALP activity level at days 3 and 7 (Fig. 6b) .
Gene expression
Quantitative real-time PCR was performed to evaluate the expression of osteogenic and endothelial markers. Fig. 7 shows the osteogenic gene expression of hBMSCs and the endothelial gene expression of HUVECs in monoculture and co-culture. All gene expression was normalized to the expression levels of monocultured hBMSCs at day 7 (reference value set to 1).
For monocultures, the expression of runx2 of hBMSCs did not change at 7 and 14 days of incubation. In the co-culture, runx2 down-regulation increased with a decrease in the hBMSC/HUVEC ratio. Alp expression did not significantly change for monocultured hBMSCs, but it was significantly increased in the 5:1 hBMSC/HU-VEC ratio group at day 7 and in the 5:1 and 1:1 hBMSC/HUVEC ratio groups at day 14. In monocultures, hBMSCs increased the expressions of bsp and opn, two early bone matrix genes, and reduced the expression of oc, a late bone matrix gene between day 7 and day 14 [31] [32] [33] . The addition of HUVECs significantly decreased the expression of the three genes in all co-culture groups. Additionally, these early osteogenic differentiation genes and bone matrix genes including runx2, alp, bsp and opn were detected at very low levels in HUVECs. In contrast, HUVECs expressed higher levels of bmp-2 and cd31, when compared to hBMSCs. The expression of these two genes was detected in hBMSC monocultures. The expression of these two genes in co-culture groups increased as the hBMSC/HUVEC ratio decreased.
Discussion
b-TCP bioceramics have been widely used in clinical settings for bone repair and reconstruction [2, 3] . In bone tissue engineering, it is common to merge biodegradable, biomimetic, porous CaP scaffolds with stem cells such as MSCs to regenerate bone tissue [4, [8] [9] [10] [11] . However, most of these works focused mainly on the osteogenic potential of MSCs on bioceramic scaffolds. It is well known that osteogenic and angiogenic processes are interdependent via the intimate interaction between bone-forming cells and endothelial cells [34] [35] [36] . An increasing number of studies have focused on the reciprocal effects between mesenchymal stem cells and endothelial cells or their corresponding precursors [37] [38] [39] [40] . Although these studies provide new insights into the relationship between bone-forming cells and endothelial cells, the influence of the porous b-TCP ceramic scaffolds on the osteogenic and angiogenic potentials of hBMSCs and HUVECs in monoculture or co-culture is still not well understood.
In this study we investigated the cell behavior of HUVECs, hBMSCs and co-cultured hBMSCs/HUVECs on b-TCP scaffolds, including cell attachment, proliferation, and cell-specific marker expression. In co-culture, we mixed two types of cells in suspension and then seeded them on the b-TCP scaffolds. In this model, the interactions between two types of cells occurred by direct cell-cell contacts and diffusible paracrine signaling [38, 41] . In these experiments, one major factor impacting cell behavior is the co-culture medium. Different culture media may lead to stem cell differentiation towards osteogenic, chondrogenic, endothelial, adipogenic and vascular smooth muscle phenotypes [42] . To select the appropriate co-culture medium in this study, we first cocultured the two types of cells on well plates using three different media, including EBM-2, DMEM, and a 1:1 mixture of both. We found that the morphology of hBMSCs changed from spindle shape in DMEM to a slightly long, narrow spindle shape in EBM-2. In the mixture medium, the morphology of hBMSCs did not show this kind of change (S.1). For HUVECs, we found that they hardly survived or proliferated in DMEM. In a 1:1 mixture, the co-cultured cells can both display normal cell morphology as in their own preferred monoculture medium, regardless of their co-culture ratio (5:1, 1:1, 1:5; see S.1). To take into consideration the behavior of both cell types, the combined medium DMEM:EBM-2 (1:1) was selected to culture the cells on scaffolds. In this study, we were interested in the effect of b-TCP scaffolds on hBMSC and HUVEC monoculture and co-culture. Therefore, we used non-osteogenic medium in all experiments to exclude the medium effect on osteogenic activity level of hBMSCs.
The morphological observations by the confocal and SEM in Figs. 2 and 3 clearly indicate that the cells, in either monoculture or coculture, can attach and proliferate well on the highly interconnected porous scaffolds. Cytoskeletal organization of cells on the scaffolds in Fig. 4 was also clearly observed. Cytoskeletal proteins such as actin have been used to illustrate spreading and attachment of cells on substrates [43] . Our F-actin labeling results show that HUVECs and hBMSCs exhibit uniform and homogenous distribution of actin in cytoplasm. These results indicate that the cells can attach and spread on the scaffolds. Previous studies have reported that biomaterial coated with extracellular matrix proteins significantly enhances attachment of endothelial cells to biomaterials and in some cases protein coating is a prerequisite for attachment of endothelial cells [20, 44, 45] . In this study, b-TCP scaffolds without pre-coating also supported attachment and spreading of endothelial cells.
The ALP activity level produced by hBMSCs on b-TCP scaffolds was significantly higher than that on well plates (Fig. 6c) . This result implies that b-TCP scaffolds significantly promote early differentiation of hBMSCs. This may be attributed to the release of calcium and phosphate ions from b-TCP scaffolds. Our results indicated that Ca and P concentrations increased with the incubation time (S.3a). It has been indicated from previous studies that extracellular Ca 2+ and inorganic P released by CaP biomaterials favor osteoblast differentiation, proliferation and matrix mineralization through activating Ca-sensing receptors in osteoblast cells [46] [47] [48] . Surprisingly, HUVECs seeded on b-TCP scaffolds also expressed ALP activity, although it remained constant over 14 days of incubation (Fig. 6b) . Furthermore, HUVECs on well plates also exhibited ALP activity at day 14 (Fig. 6d) . The HUVECs used in this study is a GFP transfected, immortalized cell line. The reason that HUVECs have a detectable ALP activity may be related to the mixture medium employed in this study or due to the release of Ca and P ions, which can alter the pH to a weak alkaline environment (S.3b). Alternatively, the change of pH from 7.4 to 7.9 due to the release of Ca and P ions may have induced ALP activity (S.3b). Wang et al. have also reported ALP expression in HUVECs in vitro [49] . Although the reasons remain unknown, it is clear that b-TCP scaffolds stimulated higher ALP activity in HUVECs on b-TCP scaffolds compared to those on well plates. This suggests that culture on a 3-D porous b-TCP bioceramic may change the behavior of HUVECs. More mechanistic studies to investigate the effects of 3-D structures on the morphology and calcium chemistry of cells should be performed to address these questions. Our results further indicated that early ALP activities of the 5:1 and 1:1 co-culture groups were significantly higher than that of hBMSCs in monoculture. This may be a result of the BMP-2 secreted by HUVECs [49] . In real-time PCR, bmp-2 gene expression was significantly higher in HUVECs when compared to hBMSCs, which further implies the possibility of HUVECs releasing soluble BMP-2 into the co-culture medium [49] .
Additionally, the total dsDNA content of co-cultured cells was not the same as that of cells in monoculture, as shown in the dsDNA results (Fig. 6a) . The proliferation rate of co-cultured mixture cells did not exceed that in monocultured hBMSCs but significantly exceeds that in monocultured HUVECs. This result could be explained by the dynamic change of percentage of both cell types in co-culture, as the growth rate of hBMSCs and HUVECs is different. hBMSCs grown in monoculture showed a clearly higher cell growth rate as compared with HUVECs in monoculture at an early stage (Fig. 6a) . These results collectively suggested the interactions between hBMSCs and HUVECs in co-culture changed the individual growth rate of HUVECs and hBMSCs. This result further implied that the HUVECs in co-culture may not stimulate hBMSCs proliferation; meanwhile, hBMSCs could suppress HUVEC expansion due to their high proliferative capacity in co-culture.
We further investigated the angiogenic potential of co-cultured cells in vitro on the b-TCP ceramic scaffolds. Cell adhesion molecule PECAM-1 expression at the cell-cell interface could be used to indicate the microcapillary-like structure or lumina. Cell adhesion molecule PECAM-1 expressed by HUVECs is known to be crucial for vessel formation and maintenance [50] . Our results show that in the HUVEC monoculture, a large amount of PECAM-1 expression can be clearly observed on the scaffolds shown in Fig. 5 . Some elongated networks but no obvious lumina were observed during this experimental period. The ability of HVUECs to form lumina may depend on the properties of the extracellular matrix, which can affect the migration of HUVECs [51] . Co-culturing endothelial cells with bone-forming cells may facilitate the tube formation in vitro on scaffolds since the bone-forming cells can produce cytokines and angiogenic growth factors such as VEGF [52, 53] . Also, the extracellular matrix produced by bone-forming cells may promote the formation of microcapillary-like structure when the cells co-cultured in direct contact [20, 54] . Our data in co-culture did not show that hBMSCs promoted the tube formation of HUVECs on the scaffolds. Unlike the continuous PECAM-1 expression by the monocultured HUVECs at day 14 of incubation, a lower, scattered PECAM-1 expression can be observed in the groups of lower ratio of HUVECs (1:5 and 1:1). This is probably a result of decreased HUVEC population and the separation of HUVECs by hBMSCs. In the co-culture groups, hBMSCs and HUVECs were loaded simultaneously onto the porous scaffolds. A higher ratio of hBMSCs (5:1) in the mixed cell suspension could separate individual HUVECs, leading to the inability of HUVECs to contact and form a microcapillary-like structure.
The real-time PCR studies indicated that ALP gene expression levels in the co-culture group were significantly increased, but most of other genes were decreased. It is worth noting that we are unable to distinguish the contribution of individual cell type because gene expression in this study came from the total mRNA of two types of cells. As the expression level of hBMSCs is a part of the total expression level in the co-culture, therefore gene expression of all these osteogenic markers of hBMSCs specifically in co-culture could be higher [29] . Although further evaluation and new strategies will be needed to investigate the interactions between mesenchymal stem cells and endothelial cells on the biodegradable b-TCP, these present results implied that b-TCP scaffold with 3-D spatial features could be a useful platform to further investigate the interactions between the two cell types in 3-D structures for better understanding of bone regeneration, as this b-TCP ceramic scaffold can provide biocompatible and suitable surface properties for hBMSC and HUVEC development.
Conclusions
In the present study we examined the effect of an interconnected, macroporous, biodegradable b-TCP scaffold on cell behaviors of HUVECs and hBMSCs in both monoculture and co-culture. Our results demonstrate that b-TCP scaffolds supported the attachment and proliferation of HUVECs and hBMSCs in both monocultures and co-cultures. b-TCP scaffolds stimulated ALP activity of both hBMSCs and HUVECs. In co-cultures, HUVECs enhanced the very early osteogenic differentiation of hBMSCs. Meanwhile, the formation of an elongated network-like structure was observed in vitro on the b-TCP scaffolds. This b-TCP scaffold could provide a 3-D platform for studying interactions between multiple cells involved in bone regeneration. In particular, vascularization and osteogenesis of biodegradable b-TCP scaffolds can be promoted by manipulating structural and biological cues.
